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For the full text of this licence, please go to: http://creativecommons.org/licenses/by-nc-nd/2.5/ HCl solution has been investigated using two miniaturized supported liquid membrane (SLM) systems: (i) a single hollow fibre membrane, with stagnant acceptor phase in the lumen, immersed into a donor phase reservoir; (ii) U-shaped module containing a single hollow fibre membrane with a closed-loop recirculation of aqueous phases through the module. In the stagnant SLM system, the maximum extraction efficiency was 8.8% due to limited acceptor volume and absence of flow within the lumen. In recirculating SLM system, after 80 min of operation at the donor phase flow rate of 5.3 cm 3 min -1 , the acceptor phase flow rate of 0.4 cm 3 min -1 and the donor-to-acceptor phase volume ratio of 6.7, the equilibrium removal efficiency of Lu(III) reached 88% and less than 5% of Lu(III) extracted from the feed solution was kept in the organic phase. For shell side flow of the donor phase at the Reynolds number of 3−34, the overall mass transfer coefficient was proportional to the donor flow rate raised to the power of 0.63 and increased from 2.3 to 8.8 × 10 -5 m s -1 . The rate-limiting step was the mass transfer of Lu(III) within the boundary layer of the donor phase adjacent to the outer wall of the hollow fibre.
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INTRODUCTION
Membrane-assisted liquid-phase extraction (LPE) processes have been applied to the separation of a wide range of analytes including biological molecules [1] [2] [3] , metal ions [4] [5] [6] [7] [8] , organic pollutants 9-13 and radionuclides [14] [15] [16] . Supported liquid membrane (SLM) extraction is a LPE technique that involves simultaneous extraction and re-extraction using either flat sheet or hollow fibre hydrophobic membranes. The organic phase (extractant) is immobilized by capillary forces in the membrane pores, while the aqueous feed (donor) and the stripping (acceptor) solutions are placed on opposite sides of the membrane. Mass transfer in SLM extraction comprises diffusion of the analyte of interest from the bulk of the donor phase to the donor/organic phase interface, partitioning of the analyte between the donor phase and the organic phase, diffusion of the analyte through the organic phase immobilized within the pores and the analyte re-extraction into the acceptor phase.
In recent years, membrane-assisted liquid-phase microextraction (LPME) has emerged as a convenient alternative to conventional sample pretreatment methods. The concept of LPME is based on the SLM extraction principle and allows simultaneous extraction and enrichment of analytes due to the high donor (up to 1 L) to acceptor (at µl level) phase volume ratio 17, 18 . Due to reduced consumption of hazardous organic solvents, very efficient sample clean-up, pre-concentration, easy automation and online coupling to the analytical instruments, primarily chromatographic, membrane-assisted LPME systems have broad application potential within areas such as biochemical, environmental and pharmaceutical analyses 19 .
Membrane-assisted LPME have been performed in two classes of miniaturized SLM extraction systems: (i) flat-sheet SLM in flow systems, demonstrated by Jönsson et al. 20 and (ii) hollow fiber SLM in stagnant systems also known as hollow fiber liquid-phase microextraction (HF-LPME), introduced by
Pedersen-Bjergaard and Rasmussen 21 . The volume of the acceptor solution in miniaturized SLM extraction systems is typically in the range of 2-30 µl. Both SLM configurations have their own advantages and limitations: HF-LPME employs inexpensive membranes which are normally discarded after use, equipment is very simple but the automation of the extraction step is difficult; flat-sheet SLM contactor normally reuse the membrane, with a consequent risk of carryover effects, equipment is more complex than for HF-LPME but well suited to on-line hyphenation with chromatographic techniques 22 .
The choice of adequate SLM configuration primarily depends on particular analytical application.
Miniaturized SLM extraction systems are convenient to use when working with small volume samples, such as biological samples (blood, plasma, serum, etc.) or radiopharmaceutical formulations.
In our previous work 23, 24 , we have investigated the application of two miniaturized SLM extraction systems to the removal of the free 177 Lu(III) from the 177 Lu(III)-labelled compound: (i) dynamic, continuous-flow flat-sheet membrane contactor and (ii) static (batch) liquid-phase microextraction system in a single hollow fibre. Radionuclide 177 Lu possesses favorable radiophysical characteristics for therapeutic applications in nuclear medicine, hence a large number of radiochemistry and radiopharmacy investigations were orientated toward the potential 177 Lu-radiopharmaceutical production and its application in endoradiotherapy of malignant tumors [25] [26] [27] [28] . One of the main steps in the production process of 177 Lu labeled radiopharmaceuticals for human in vivo use is the separation of bound from unbound radionuclide, since the latter may have harmful effects on patient's health. The most common technique for purification of radiopharmaceuticals is cation-exchange chromatography.
Recently, we have shown that membrane-assisted LPE in miniaturized extraction systems can be used as an alternative process for the separation of unbound radionuclide from the labeled radiopharmaceutical after the labeling step 23, 24 .
The operating conditions in both systems used for extraction of Lu(III) were similar: the donor phase was the buffer which was used for further processing, the extraction was facilitated using di(2-ethylhexyl)phosphoric acid (DEHPA) as a carrier dissolved in the organic solvent, acceptor (2 mol dm -3 HCl) in both microextraction systems was stagnant, with a volume of 10 to 15 µl. The high removal of Lu(III) (up to 99%) from the aqueous phase is highly desirable for purifying compounds labeled with lutetium and it was achieved using both membrane-assisted LPE systems. However, the recovery of the extracted Lu(III) from the organic into the acceptor phase was low in both systems due to high mass transfer resistance either in the membrane or acceptor phase.
According to the literature data 29, 30 and our previous results
24
, the removal of Lu(III) from the donor solution as well as the transport of Lu(III) across SLM containing DEHPA as a carrier strongly depends on pH of the donor solution. Although the Lu-DEHPA complex permeating through the liquid membrane was formed in the donor at the optimum pH of 2.5-3.5, the low value of extraction efficiency (20%) suggested that the complex was accumulated within the membrane. On the other hand, the distribution coefficient of Lu(III) between the acceptor and organic phase was 0.2, as determined by static liquid-liquid extraction at 1:1 phase volume ratio 23 , indicating that almost all of the Lu(III) was reextracted from the organic phase. The length of hollow fibre had little effect on the removal of Lu(III) from the donor phase, but the extraction efficiency was higher for the longer membrane. Based on the above findings, it was assumed that a small acceptor volume could be the reason for a low re-extraction of Lu(III). This assumption was supported by the overall mass transfer resistances determined in stagnant HF-LPME 31 . The acceptor volume in the batch extraction system is limited by the length of the hollow fibre (the maximum length is about 30 cm) that can be immersed in a small volume of the donor phase (5-10 cm 3 ), because the acceptor phase is held in the lumen of the fibre. The acceptor volume can be decoupled from the fibre length using SLM extraction system with continuous recirculation of the acceptor phase.
The purpose of this study was to compare two miniaturized membrane systems for solvent extraction of Lu(III), a novel recirculating HF-LPE system with U-shaped contactor and previously used batch HF-LPME system 24 . The novel HF-LPE system was operated under continuous closed-loop recirculation of both the donor and acceptor phase with the aim of improving the efficiency of re-extraction of Lu(III) from the organic phase, which was the main bottleneck in the static system 24 . The influence of the donor flow rate on the mass transfer of Lu(III) in the applied system was also studied. 
EXPERIMENTAL SECTION

HF-LPME in a stagnant system.
A stagnant (non-recirculating) HF-LPME system consisted of a donor phase reservoir and a single hollow fibre membrane of variable length that was dipped into the donor phase ( Fig. 1 (i) Lu(III) in 0.2 mol dm -3 sodium acetate buffer at pH 3.5. During the extraction process, the HF-LPME system was shaken on a shaker at 100 rpm to improve the rate of mass transfer in the donor phase. The samples of the donor and acceptor phase were collected after 120 min of extraction to determine Lu(III) concentration. More detailed description of the experimental procedure can be found in our previous papers 24, 31 . Figure 1 . Schematic of the experimental set-up used for the SLM extraction of Lu(III): (i) static, HF-LPME system, (ii) dynamic, HF-LPE system: C -contactor, R1 -feed reservoir, R2 -stripping reservoir, P1, P2 -peristaltic pumps for the donor and acceptor phase, respectively, M -magnetic stirrer.
Experimental set-up of a recirculating HF-LPE system.
The membrane-assisted LPE of Lu(III) was performed in a membrane contactor designed and constructed in our laboratory, which consisted of a single polypropylene hollow fibre membrane. The fibre was inserted within a U-shaped glass tube equipped with separate inlet and outlet tube connections for both aqueous phases. The membrane had a wall thickness of 50 µm, an inner diameter of 280 μm, a mean pore size of 0.1 µm, and a porosity of 60% 
A schematic of the experimental set-up is shown in Fig. 1 (ii). SLM extraction system consisted of a hollow-fibre module (C), two reservoirs for the aqueous donor and acceptor solutions (R1 and R2, respectively), two peristaltic pumps (Perkin-Elmer, Waltham, Mass., USA), P1 and P2, tubes . The donor phase was vigorously mixed in reservoir R1 by a magnetic stirring bar to obtain nearly ideal mixing conditions.
The acceptor solution (2 mol dm -3 HCl) with a total volume of 3 cm 3 was pumped through the lumen of the hollow fibre using peristaltic pump P2 and recirculated between the module and reservoir R2. The flow rate of the acceptor phase was 0.4 cm 3 min -1 and the total holdup volume of the tubing used for the acceptor phase recirculation was 0.6 cm 3
. The donor and acceptor aqueous phases were circulated cocurrently through the module.
All experiments were carried out at room temperature. Samples were periodically collected from the donor and acceptor reservoir to determine Lu(III) concentration. The withdrawn volume of each phase was sufficiently small to keep the total volume constant.
Procedure for the measurement of Lu(III) concentration.
The concentrations of Lu(III) in the donor and acceptor phase were determined using previously 
THEORETICAL CALCULATIONS
Basic parameters of the SLM extraction process.
The efficiency of Lu(III) transfer through the liquid membrane was evaluated using several performance parameters. The extraction efficiency (E) was calculated as the amount of Lu(III) found in the acceptor phase divided by the initial amount of Lu(III) in the donor phase: In order to quantify the rate of transfer through the membrane in a continuous steady-state system operated under recirculation of the aqueous phases, the mean flux of Lu(III) across the membrane can be calculated using the equation 14 :
Overall mass transfer coefficient in a recirculating HF-LPE system.
According to the resistance-in-series approach, the mass transfer of an analyte through supported liquid membrane comprises three steps: diffusion of the analyte from the aqueous feed phase to the membrane interface, diffusion of the analyte through organic phase entrapped within the membrane pores, and diffusion of the analyte from the stripping membrane interface to the bulk of the stripping (acceptor) phase. If the extraction is accompanied by chemical reactions, e.g. formation and decomposition of an analyte-carrier complex at feed and stripping phase, respectively, the reaction kinetics parameters have to be included in the transport equation 35 . If the chemical reaction is fast, the overall rate of the process is independent on the reaction kinetics and only depends on the mass transfer rates. In that case, the overall mass transfer resistance, in terms of the driving force in the donor phase (K D ), can be described as a sum of the three resistances (the resistance of the donor phase, the resistance of the organic phase, and the resistance of the acceptor phase): The individual mass transfer coefficients of the donor and acceptor phase can be estimated using mass transfer correlations involving Sherwood, Schmidt and Reynolds numbers [37] [38] [39] . The membrane mass transfer coefficient can be predicted from the membrane morphology:
where ε, δ and τ are the porosity, thickness and tortuosity of the hollow fiber wall, respectively, and D is the diffusivity of analyte-carrier complex in the organic phase entrapped within the pores. D can be estimated from the Wilke-Chang correlation or the Scheibel equation 40 .
The overall mass transfer coefficient in a continuous steady-state SLM extraction system with closedloop recirculation of both aqueous phases was determined experimentally using the equation:
The individual mass transfer coefficients can be estimated using the aforementioned equations or graphically by the Wilson-plot method 42, 43 .
RESULTS AND DISCUSSION
Extraction of Lu(III) in a three-phase system with DEHPA as a carrier combines two separation processes in a single device: extraction of Lu(III) from the aqueous donor phase to the organic phase containing carrier molecules and re-extraction of Lu(III) from the organic phase to the aqueous acceptor phase. The overall mass transfer process involves three diffusional steps and complexation/decomplexation reactions at donor-membrane and membrane-acceptor interfaces. Lu(III) ions are transferred through the membrane using DEHPA as a carrier by facilitated coupled countertransport, i.e. the transfer of Lu(III) ions from the donor to the acceptor side of the membrane is coupled with the transport of protons in the opposite direction. Thus, the driving force for the mass transfer of Lu(III) is a pH gradient across the membrane directed toward the donor phase.
The optimum experimental conditions for the efficient removal of Lu(III) from the donor phase have been established in our previous study using stagnant (non-recirculating) HF-LPME system 24 . We have achieved the maximum removal efficiency of Lu(III) higher than 99 % after 2 h of operation at the donor-to-acceptor phase volume ratio of 180, pH 3.5 in the donor phase, and using 5% (v/v) DEHPA/DHE and 2 mol dm -3 HCl as the organic and acceptor phase, respectively. Although a high degree of Lu(III) re-extraction was expected, because of the low distribution coefficient of Lu(III)
between the organic and acceptor phase and a good predicted permeability of Lu-DEHPA complex in the organic phase, the extraction efficiency was less than 20%. In addition, typically more than 80% of the Lu(III) extracted from the donor phase was captured inside the organic phase. In order to investigate this behavior into more detail, first we will use a stagnant HF-LPME system containing a hollow fibre of different lengths, i.e., different acceptor volumes. a stagnant (non-recirculating) HF-LPME system. Table 1 . The efficiency parameters, E R , E, and M, as a function of the acceptor volume for the extraction of Lu(III) in a stagnant HF-LPME system. The acceptor volume was controlled by changing the HF length. by a factor of 5, led to an increase in the extraction efficiency by a factor of 2.5, but the maximum extraction efficiency was just 8.8%, achieved at the acceptor volume of 56 µl. On the other hand, there was no significant effect of the acceptor volume on the Lu(III) removal efficiency from the donor phase, except for the shortest membrane. There are two main problems with this stagnant HF-LPME system: (i) a limited amount of the acceptor phase can be accommodated within the lumen of the fibre; (ii) in the absence of flow of the acceptor phase through the lumen, the rate of transfer of Lu(III) from the organic/acceptor phase interface to the bulk of the acceptor phase is slow and the process is limited by the availability of the interfacial area. It can be expected that any further increase in the fibre length (i.e., the acceptor volume) would lead to further increase in the extraction efficiency, but the maximum fibre length is limited by the fact that the fibre must be fully dipped into the donor phase, which has a volume of just 20 cm 3 . For example, at V A = 56 µl, the effective fibre length was 91 cm. In order to improve the rate of transfer of Lu(III) through the lumen and to decouple the fibre length and the acceptor volume, we have used recirculating HF-LPME system in the further work.
The extraction efficiency of Lu(III) in
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The time-dependent variations of process performances in a recirculating HF-LPE system.
In these experiments, we have used the extraction rig with a U-shaped module shown in Fig. 1 (ii).
The extraction conditions used were the same as those applied in the stagnant system: the donor phase was kept at pH 3.5, the organic phase was 5% (v/v) DEHPA in DHE and the acceptor phase was 2 mol By comparing the results obtained using two miniaturized membrane extraction systems, static HF-LPME and dynamic HF-LPE, it can be concluded that the process performances were significantly improved by increasing the acceptor volume and providing circulation of the acceptor phase through the lumen. In the HF-LPME system with a stagnant acceptor phase and very small acceptor volumes (at microliter level), a large majority of Lu(III) extracted from the feed solution was accumulated in the organic phase. In the HF-LPE system with U-shaped module, owing to the faster diffusion within recirculating acceptor phase and the lower donor-to-acceptor phase ratio, V D /V A of 6.7 (as compared to 357−1818 in the stagnant system), almost all Lu(III) extracted from the feed solution was re-extracted from the membrane to the acceptor phase. Thus, in the investigated HF-LPE system with recirculating aqueous phases, a great majority of Lu(III) was removed from the aqueous feed solution, but Lu(III) was also efficiently recovered from the organic solvent and concentrated in the aqueous strip solution.
Effect of the donor flow rate.
The mass transfer in continuous-flow contactors is strongly influenced by the flow rate of the phases involved in the process. In the present continuous-flow HF-LPE system, the flow rate of the donor phase flowing through the shell side of the contactor was varied from 0.4 to 5.3 cm 3 min -1 whilst the flow rate of the acceptor phase in the fibre was kept constant at 0.4 cm 3 min -1 . As shown in Fig. 2 , the Lu(III) concentration in the donor phase reservoir drops rapidly with an increase in the donor flow rate and thus, the process becomes more efficient. The equilibrium concentrations of Lu(III) in the donor and acceptor phase reservoirs at variable flow rate of the donor phase are presented in Table 2 . The obtained results indicate that the equilibrium concentration of Lu(III), i.e. the minimum concentration of Lu(III) that can be reached in the donor phase decreased with increasing the donor phase flow rate. It should be noted that this is a typical behaviour for the donor-controlled membrane-based extraction 14, 44 . As expected, the equilibrium Lu(III) concentration in the acceptor phase increased with increasing the donor flow rate, which can be explained by the fact that in a steady state, there is no accumulation of Lu(III) in the membrane phase and thus, any decrease in the Lu(III) concentration in the donor phase must be accompanied by a corresponding increase in the Lu(III) concentration in the acceptor phase. Fig. 4 . It can be seen that both the removal and extraction efficiency at steady state increased with increasing the donor phase flow rate, whereas the memory effect was independent on the donor flow rate. At any flow rate, the amount of Lu(III) remaining in the organic phase was less than 5% of the total amount of Lu(III) extracted. The removal and extraction efficiency of Lu(III) were improved from 37 % to 88 and 84 %, respectively, when the donor flow rate increased from 0.4 to 5. .
With regard to an efficient and fast recovery of Lu(III) from the organic phase, the continuous-flow HF-LPE system used in this work showed excellent performance with less than 5% accumulation of Lu(III) in the liquid membrane. On the other hand, for the purpose of elimination of free Lu(III) from radiolabeled substance in the fabrication of 177 Lu-radiopharmaceutical, the maximum removal efficiency of 88% achieved in the current module is insufficient for commercial applications. The higher removal efficiency (above 95%) could be achieved using a hollow fibre contactor with the higher effective membrane area, for example using a bundle of hollow fibre membranes rather than a single hollow fibre.
Determination of the overall mass transfer coefficient of Lu(III).
The overall mass transfer coefficient based on the donor phase concentration, K D , for the investigated recirculating SLM extraction system was calculated from the experimental data using Eq. Table 3 . As can be seen from Table 3 The overall mass transfer resistance (1/K D ) in the applied HF-LPE system is given by Eq. (5).
Assuming that the reaction of formation of the Lu-DEHPA complex is fast, as well as the stripping reaction at the membrane-acceptor interface, the reaction kinetics at both interfaces can be neglected.
Therefore, the mass transfer of Lu(III) through supported liquid membrane takes place in three successive diffusion steps: diffusion of Lu(III) through the boundary layer of the aqueous feed phase to the membrane interface, diffusion of Lu-DEHPA complex through the organic phase entrapped within the membrane pores, and diffusion of Lu(III) through the boundary layer of the stripping phase.
The sum of the membrane and the acceptor mass transfer resistances can be determined graphically from the Wilson plot. This method assumes that the overall mass transfer resistance is controlled by the flow rate of the mass transfer-limiting phase which is the donor phase in this case. The Wilson plot of
is shown in Fig. 6 (ii). The value of the exponent, b of 0.63 was determined by a least-square fit of K D versus Q D (Fig. 6 (i) and Table 3 
CONCLUSIONS
We have developed a new, simple and efficient supported liquid membrane technique for solvent extraction of Lu(III) from the aqueous feed solution and simultaneous re-extraction in the acidic stripping solution based on closed-loop recirculation of aqueous phases through a U-shaped hollow fibre contactor. The removal and extraction efficiencies of Lu(III) increased with increasing the donor flow rate, while the memory effect was independent on the donor flow rate. The accumulation of Lu-DEHPA complex within the organic phase immobilized in the membrane pores was less than 5%, meaning that the HF-LPE system, with the acceptor recirculation, enables almost complete re-extraction of Lu(III) into the acceptor.
The overall mass transfer coefficient of Lu(III) was proportional to the donor flow rate raised to the power of 0.63 and was in the range of 2.3 to 8.8 × 10 -5 m s -1 . Using the Wilson plot, it was found that the diffusion through the boundary layer of the donor phase was a rate-controlling step in the process.
Based on the obtained results, it can be concluded that a miniaturized U-shaped hollow fibre contactor operated in recirculation mode can be used efficiently for the re-extraction of Lu(III) from the organic phase, for the purpose of its recovery. The removal of Lu(III) achieved in the current module was insufficient for commercial applications and the higher removal efficiencies (above 95%) could be achieved using either a hollow fibre contactor with a larger membrane area or two-stage process. 
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